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PROCESS FOR PREPARING CATIONIC RHODIUM COMPLEXES 



Background of the Invention 

5 1. Field of the Invention 

This invention relates to an improved process, suitable for operation on a commercial scale, 
for the preparation of cationic rhodium complexes of phosphorus-containing chiral ligands. 
In particular it relates to the preparation of rhodium complexes used as catalysts for 
10 asymmetric synthesis, in particular asymmetric hydrogenation. 

2. Description of the Prior Art 

The efficient production of chiral single enantiomer compounds is one of the most 
15 important challenges in modem fine chemical and pharmaceutical manufacturing. The 
asymmetric hydrogenation of substituted olefins by transition metal complexes modified 
with chiral phosphorus ligands is an exceptionally powerful method of introducing chirality 
in to a molecule. This is achieved by preferential binding to one face of the olefin by the 
transition metal/phosphorus ligand complex and subsequent hydrogenation gives rise to a 
20 product enriched in one stereoisomer. Asymmetric hydrogenation is particularly suitable to 
large-scale hydrogenation due to a variety of factors: use of sub-stoichiometric amounts of 
catalyst, the clean nature of the reaction and the availability of large-scale equipment. Many 
classes of phosphorus ligands and transition metal complexes have been developed for" 
asymmetric olefin hydrogenation. Amongst the most effective catalysts are cationic 
25 rhodium chiral phosphorus ligand complexes. Their particular success is due to their high 
catalyst activity, productivity and enantioselectivity. 

Fine chemicals and pharmaceutical intermediates hydrogenated by cationic rhodium chiral 
phosphorus ligand complexes are often complex multifunctional molecules and this 
30 complexity is frequently reflected in the requisite chiral phosphorus ligands which are 
similarly complex in structure and often made via multistep syntheses. As a consequence 
many of the most effective chiral phosphorus ligands are exceptionally difficult and costly 
to synthesise and the efficient formation of cationic rhodium phosphine complexes is a 
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critical aspect of the economic viability of an asymmetric hydrogenation catalyst or its 
subsequent application in hydrogenation processes. 



In principle cationic rhodium chiral phosphorus ligand complexes can be generated in two 
5 ways: 1) in-situ by mixing the chiral ligand and a suitable metal precursor or by 2) using a 
preformed complex. Using an in-situ formed catalyst has several distinct disadvantages: 1) 
many ligands are very oxygen sensitive and can be readily oxidised by poor handling; 2) in- 
situ catalyst formation introduces an extra process step; 3) in-situ generation of a catalyst 
can also give rise inconsistent results; 4) incorrect metal/ligand stoichiometry can adversely 
10 effect catalyst activity and selectivity. Such factors may limit applicability in 
pharmaceutical manufacturing from a regulatory as well as a technical viewpoint. 
However, use of a preformed complex can overcome these difficulties: 1) complexation of a 
sensitive ligand by a metal centre can stabilise the ligand; 2) preformed catalysts can be 
easily handled and introduced into a process avoiding an additional step and 3) a preformed 
15 catalyst will be a well defined and characterised species which gives more consistent 
results. 

As asymmetric hydrogenation catalysts are most often used in the synthesis of high value 
active pharmaceutical ingredients, pharmaceutical intermediates and other fine chemicals it 

20 is of the utmost importance to guarantee the integrity of the catalyst and this can be readily 
achieved by use of preformed species. However, it is challenging to establish reliable and 
economic processes to prepare and isolate such cationic rhodium complexes in a form 
suitable for storage. This point is highlighted by the inability, to date, to form a crystalline 
cationic rhodium catalyst of adequate storage stability with the commercially available 

25 chiral ligand RoPHOS. Isolated solid cationic rhodium catalyst produced from RoPHOS 
undergoes spontaneous decomposition leading to loss of valuable catalyst and ligand 
(Conference Proceedings, Chiral Europe 2003, M. Thommen, Solvias AG). 

The numerous chiral phosphorus ligand complexes described in the literature have given 
30 rise to a variety of synthetic routes to their corresponding cationic rhodium catalysts. The 
most common method for the preparation of cationic rhodium phosphorus complexes is the 
treatment of [(l,5-cyclooctadiene)2Rh][X] , where X is an anion and typically [BF 4 ]\ [PF 6 ]', 
[SbFe]', [C10 4 ]", or [OSO2CF3]" with a requisite chiral phosphorus ligand. For 
representative examples see: J. Am. Chem. Soc. 1971, 73, 2397; Helv. Chem. Acta. 1991, 



-2- 



WO 2005/032712 PCT/US2004/032255 

74, 370; Organometallics 2003, 93, 1356; Organometallics 2002, 21, 4611; J. Am. Chem. 
Soc. 1993, 115, 10125. Where low polarity solvents are used to aid product recovery, 
inclusion of the metal-precursor in the product is a hazard due to the relative insolubility of 
[(l,5-cyclooctadiene)2Rh]pCl in low polarity solvents. Contamination of the chiral cationic 

5 rhodium catalyst with the achiral metal-precursor can reduce the overall stereoselectivity of 
the asymmetric hydrogenation. This problem can be overcome by using an excess of 
ligand, however, where expensive ligands are employed this option is undesirable. 
Moreover, further reaction of the preformed complex and excess ligand are a possibility 
giving rise to species less selective than the desired catalyst. Use of [(1,5- 

10 cyclooctadiene)2Rh]|X| in more polar solvents such as tetrahydrofuran often requires 
evaporation, trituration with an anti-solvent and crystallisation steps to obtain pure product. 

In an alternative process, the chlorido precursor [(l,5-cyclooctadiene)RhCl] 2 can be treated 
with salts such as AgBF 4 , AgPF 6 , AgC10 4 , AgSbF 6 , NHUPFe, NaBF 4 , NaSbF 6 and NaC10 4 

15 to abstract the chloride and treatment with a requisite phosphorus ligand can give rise to a 
cationic rhodium catalyst. For representative examples see: J. Organometall Chem. 1999, 
577, 346; J. Organometall Chem. 1983, 251, 79; Helv. Chim. Acta. 1988, 71, 897; Bull 
Chem. Soc. Jpn. 1984, 57, 2171; Inorg. Chem. 1980, 19, 577; J. Organometall Chem. 1982, 
239, 1. This route is disadvantageous for large scale applications as silver salts such as 

20 AgBF 4 and AgSbF 6 are expensive reagents. Furthermore, the AgCl generated must be 
removed by filtration before using the catalyst in subsequent reactions. Where salts such as 
NaBF 4 or NHUPFe are used the chloride salts generated must be removed via an aqueous 
wash, thus adding additional separation and drying steps to remove salts and water. Also 
labile ligands such as phosphoramidites, phosphonites and phosphites are unsuitable for this 

25 method due to the reactivity towards moisture. Moreover, contamination of the cationic 
catalyst with chloride can be particularly detrimental to catalyst performance as highlighted 
by Cobley et al in Organic Process Research & Development 2003, 7, 407. 

In another process where [(l,5-cyclooctadiene)Rh(acetylacetonate)] is treated with aqueous 
30 HC10 4 , a cationic rhodium catalyst can be generated by addition of an appropriate 
phosphorus ligand, Inorg. Chem. 1981, 20, 3616. Yields can be variable using this method 
and also close examination of the reaction liquors by 31 P-NMR reveals the presence of a 
variety species other than product thus limiting the maximum yield of the reaction. Use of 
the aqueous acids such HC10 4 limits the scope of chiral phosphorus ligands applicable in 
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this method. Common chiral phosphorus ligands such as phosphites, phosphonites and 
phosphoramidites cannot be used with aqueous acids as the reaction conditions applied lead 
to decomposition of the ligand. 

5 In a related method Schmutzler (Z. Anorg Allg. Chem. 2002, 628, 545 and Z Anorg. Allg. 
Chem. 2002, 628, 779) has shown direct reaction of [(1,5- 
cyclooctadiene)Rh(acetylacetonate)] with calixarene derived phosphites and biurets at - 
78°C followed by subsequent reaction with ethereal HBF 4 can give rise to cationic rhodium 
phosphorus complexes, albeit in reduced yield and as an air- and moisture-sensitive form. 

10 

Another method of producing cationic rhodium phosphorus complexes is the reaction of 
[(norbomadiene)Rh(acetylacetonate)] with Ph 3 CBF 4 and a suitable chiral phosphorus 
ligand, J. Am. Chem. Soc. 1983, 105, 7288. The applicability of this method in the 
industrial case is low due to the prohibitive cost of the reagent Ph 3 CBF 4 , furthermore the 
15 reaction required a reaction temperature of -78°C and the product was only obtained after 
concentration, trituration and recrystallisation. 

A common feature of the catalyst preparations described is the need for further 
manipulation of the crude reaction mixtures to isolate the catalyst. Most catalyst 
20 preparations result in a homogeneous solution whereby the catalyst must be precipitated 
from the reaction mixture by addition of an anti-solvent. Addition of anti-solvents 
commonly gives rise to rapid precipitation of microcrystalline or amorphous material with 
large surface areas. This is particularly disadvantageous as microcrystalline and amorphous 
materials are thermodynamically less stable than crystalline materials and can result in poor 

25 storability, poor handling ability and accelerated decomposition of the catalyst. In the 
industrial case, where catalysts are often purchased or prepared far in advance of their use, 
poor stability of the catalyst can have deleterious effects on the outcome of manufacturing 
campaigns and have significant financial implications due to loss of catalysts and 
compromised selectivities and yields. Often there is a need to recrystallise catalysts isolated 

30 via precipitation as the material is microcrystalline and of insufficient purity. This adds a 
further step and results in a reduced overall yield. 

A manufacturing process for cationic rhodium catalysts that consistently produces high 
purity, crystalline material with a large range of phosphorus-containing ligands would be 
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particularly advantageous. In contrast to the prior art the process of the present invention 
meets these requirements for industrial viability. 



Summary of the Invention 

5 

The invention comprises a process for the preparation and isolation of a non- 
amorphous cationic rhodium complex having the formula: [Rh(ligand) m (diolefin)] + X", 
wherein the ligand is an enantiomerically enriched organic compound possessing one or two 
ligating phosphorus atoms. The invention has general applicability to phosphorus- 
10 containing ligands from a wide variety of structural sub-types. 

Detailed Description of the Preferred Embodiments 

The invention comprises a process for the preparation and isolation of a non- 
15 amorphous cationic rhodium complex of formula (1): 

[Rh(Ugand) m (diolefin)] + X" (1) 

wherein ligand represents an enantiomerically enriched organic compound possessing one 
20 or two ligating phosphorus atoms, and wherein m = 2 when the ligand is monodentate and 
m = 1 when the ligand is bidentate. The process of the invention comprises the following 
steps: 

(a) Dissolution of Rh(diolefin)(acac) in one or more ethereal solvents; 
25 (b) Addition of a fluorinated non-mineral acid HX and alcohol solvent or alcohol- 

containing solvent mixture, either simultaneously or sequentially, to form a soluble 
solvated complex of rhodium with one or more of the reaction solvents; 

(c) Addition of the ligand, either in solution in an organic solvent or neat; 

(d) Collection of the crystalline precipitate of complex (1). 

30 

Preferably, step (b) of the process involves simultaneous addition. More preferably, step 
(b) comprises addition of HX as a solution in an alcohol solvent or alcohol-containing 
solvent mixture. 
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Preferably, the diolefin used in the process is a cyclic diolefin. More preferably, the 
diolefin is selected from between 1,5-cyclooctadiene (COD) or 2,5-norbornadine (NBD). 
In the most preferred embodiment, the diolefin is COD. Alternatively, diolefin in formula 
(1) represents two molecules of an olefin selected from the group consisting of ethylene and 
5 C 5 -io cycloalkenes. The preferred fluorinated non-mineral acid HX of the process is a 
perflourinated non-mineral acid selected from the group consisting of HBF 4 , HPF 6 and 
HSbF 6 or triflouromethanesulfoiiic acid. Most preferably, the fluorinated non-mineral acid 
HX is HBF 4 . 

10 In the preferred process, the ethereal solvents are selected from the group consisting of 

dialkyl ethers, tetrahydrofuran, 1,4-dioxane and 1,2-dimethoxyethane. In the case where 
dialkyl ethers are used as an ethereal solvent for the process of the invention, they are 
preferably selected from the group consisting of f-butyl methyl ether, diethyl ether, 
diisopropyl ether and di-n-butyl ether. Most preferably, the dialkyl ether is r-butyl methyl 

15 ether. Under an alternative embodiment, the dialkyl ether is in admixture with 
tetrahydrofuran. Preferably, the ratio of dialkyl ether :tetrahydrofuran ranges from about 
10:1 to about 1:1. More preferably, the ratio of dialkyl ethentetiahydrofuran ranges from 
about 6:1 to about 2:1. 

20 Preferably, the alcohol solvent is a linear or branched C1-6 alkanol, wherein the alkanol 
is selected from the group comprising methanol, ethanol, n-propanol, isopropanol, and 1- 
butanol. In the process of the invention, the organic solution used for dissolution of the 
ligand is selected from the group comprising ethereal solvents, non-polar hydrocarbon 
solvents and mixtures thereof. 

25 

In the ligands used in the process of the invention, the ligating phosphorus atom (or 
atoms) may either be in the form of a tertiary phosphine or may be covalently bonded to one 
or more heteroatoms. The description below of various embodiments of the invention is 
provided for the purpose of illustration, to present representative but non-limiting examples 
30 of suitable ligands. Numerous designs of bidentate and monodentate chiral phosphorus 
ligands have been reported and this continues to be a highly active area of scientific 
endeavor. For a recent comprehensive review, see Tang and Zhang, Chem. Rev., 2003, 1 03, 
3029. 
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When m = 1 in complex (1) and the ligand is bidentate, in one embodiment of the 
invention the ligand is a diphosphine. The diphosphine may be a bisphosphacycle, 
preferably containing either two phospholane rings or two phosphetane rings. In the case of 
bisphospholanes, a well established class of ligands is represented by general formula (2), 

5 or the opposite enantiomer thereof, wherein X represents an organic or organometallic 
bridging radical, R 1 and R 2 are each independently H or an optionally substituted 
hydrocarbon group, provided that R 1 and R 2 are are not both H, the 3- and 4-positions of 
either or both phospholane rings optionally may be substituted with one or more non- 
interfering groups, and each phospholane ring may either be an isolated ring as depicted or 

10 embedded in a polycyclic ring system. Preferably, R 1 and R 2 are each independently C1-20 
alkyl, aryl or aralkyl. More preferably, R 1 = R 2 = C1-20 alkyl or R 1 = R 2 = phenyl. In the 
case where R 1 = R 2 = C1-20 alkyl, the alkyl is selected from the group consisting of methyl, 
ethyl, n-propyl, isopropyl, n-butyl, isobutyl, sec-butyl and r-butyl. The process of the 
present invention is applicable to in the preparation of complexes (1) in which the ligand is 

15 a hydroxylated variant of (2). For this embodiment it can be convenient to use a ligand 
precursor bearing an acid-labile hydroxyl protecting group, which is cleaved during 
formation of the rhodium complex. 



The preferred P-X-P bridging radical in the bisphospholane (2) is selected from a 
group consisting of formulae (3) to (8), each of which may be optionally substituted; n in 
(4) is in the range 0-5; X in (8) is either O or N-alkyl. More preferably P-X-P is either (3) or 
(4) in which n is 1. With respect to the backbone structures (3) to (8), it will be readily 
25 appreciated by those skilled in the art that through substitution of alternative backbone 
structures, it may be possible in order to obtain ligands that can be converted to rhodium 
complexes by the process of the present invention. 




(2) 
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Alternative bisphospholane ligands that convertible to rhodium complexes by the 
process of the present invention are those containing two stereogenic phosphorus centers, 
including compound (9), the opposite enantiomer thereof and substituted analogues thereof. 

5 

In the case of bisphosphetanes, a further embodiment of the process of the present 
invention employs a ligand represented by formula (10), or the opposite enantiomer thereof, 

10 wherein X represents an organic or organometallic bridging radical, R 1 and R 2 are each 
independently H or an optionally substituted hydrocarbon group, provided that R 1 and R 2 
are are not both H, and the 3-position of either or both phosphetane rings optionally may be 
substituted with one or more non-interfering groups. Preferably X is 1,1-ferrocenyl and R 1 
and R 2 are each independently C1-20 alkyl, aryl or aralkyl. More preferably, R 1 = R 2 = C1-20 

15 alkyl or R 1 = R 2 = phenyl. In the case where R 1 = R 2 = C1-20 alkyl, the alkyl is selected from 
the group consisting of methyl, ethyl, ^-propyl, isopropyl, rc-butyl, isobutyl, sec-butyl and t- 
butyl. 

R 1 <^>— R 1 

I (10) 

20 

Yet another embodiment of the process of the invention utilizes a diphosphine ligand 
comprising an atropisomeric diphosphine containing two P(Ar)2 groups, wherein Ar = 
phenyl, optionally substituted with one or more alkyl or alkoxy groups. Preferably, the 
atropisomeric diphosphine is a biaryldiphosphine in which the biaryl moiety may optionally 
25 be heteroaromatic. A preferred biaryldiphosphine of the invention is a BINAP ligand of 
formula (11), or the opposite enantiomer thereof. A representative heteroaromatic analogue 
is the diphosphine (12), or the opposite enantiomer thereof. 
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A further embodiment of the invention comprises a process wherein the diphosphine 
is a ligand of formula (13), or the opposite enantiomer thereof. Optionally, the [2,2']- 
5 paracyclophane backbone of (13) may be further substituted. 




A further embodiment of the invention comprises a process wherein the ligand is a 
10 chiral ferrocene-based diphosphine. In addition to the bisphosphetane (10) wherein X = 1,1- 
ferrocenyl, there are several well established sub-classes of such diphosphines, as described 
by Tang and Zhang, ibid. The non-C 2 -symmetric Josiphos-type ligands of Togni et al. (J. 
Am. Chem. Soc, 1994, 116, 4062) provide the best known examples. 

15 When m = 1 in complex (1), at least one of the ligating phosphorus atoms in the ligand 

may be covalently bonded to one or more heteroatoms. In this embodiment of the 
invention, preferably both ligating phosphorus atoms are covalently bonded to one or more 
heteroatoms. More preferably, the ligand is selected from the group consisting of 
bisphosphites, bisphosphinites, bisphosphonites and bisphosphoramidites. 

20 

Yet another embodiment of the invention comprises a process wherein the ligand is a 
monophosphine and accordingly m = 2 in complex (1). Preferably, the monophosphine 
ligand comprises a P-aryl phosphacycle. Still another embodiment of the invention 
comprises a process wherein the ligand is a phosphoramidite of formula (14), or the 
25 opposite enantiomer thereof, and accordingly m = 2 in complex (1) 
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Throughout all embodiments of the invention, it is preferred that complex (1) be 
obtained in a crystalline form and that complex (1) is stable to storage, under an inert 
5 atmosphere at ambient temperature, for at least three (3) days. According to the preferred 
embodiment of the process of the invention, the ligand is enantiomerically enriched to at 
least 95% ee. More preferably, the ligand is enantiomerically enriched to at least 99% ee. 
Most preferably, the ligand is enantiomerically pure. 

10 The following examples illustrate the present invention: 

Example 1: Synthesis of fM-L2"Bis-((2i?.5igV2,5-dimethvlphospholano^benzeneyL5-- 
cvclooctodiene)rhodium(T) tetrafluoroborate: rffig^VMeDuPHOS^ Rh (COD^irBFdl 

15 A 10 litre jacketed glass vessel fitted with a programmable circulator, contact thermometer, 
over-head stirrer, reflux condenser, condenser circulator, bottom outlet valve, three addition 
ports, two membrane dosing pumps and a filter assembly with 10 litre receiver flask was 
connected to nitrogen/vacuum assembly and placed under an inert nitrogen atmosphere. 
The reactor was charged with 0.600 kg (1.934 mol) of (1,5- 

20 cyclooctadiene)(acetylacetonato)rhodium (I), 0.411 kg of degassed tetrahydrofuran and 
1.708 kg of degassed f-butyl methyl ether. The reflux condenser temperature was set to 10 
°C. The vessel contents were stirred and heated via the programmable circulator to gentle 
reflux until all material was dissolved. A schlenk flask fitted with a side arm with an inline 
filter, connected to the reactor via a dosing pump, was charged with 0.726 kg of degassed 

25 propan-2-ol, 0.376 kg (2.322 mol) tetrafluoroboric acid diethyletherate was slowly added to 
the propan-2-ol under stirring whilst maintaining a temperature 35 °C or below. A second 
schlenk flask with a side arm and an in-line filter, connected to the reactor via a second 
membrane pump, was charged with 1.069 kg of degassed tetrahydrofuran and 0.593 kg 
(1.935 mol) of ((-)-l,2-bis((2i?,5i?)-2,5-dimethylphospholano)benzene) under stirring until 

30 all material had dissolved. The propan-2-ol solution of tetrafluoroboric acid diethyletherate 
was added continuously over 25 minutes to the reactor vessel, whist maintaining a gentle 
reflux, using a membrane dosing pump to give a transparent yellow/brown homogenous 
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solution. The dosing pump line was rinsed with 3 x 20 ml of degassed propan-2-ol and the 
reactor contents stirred at reflux for approximately -20 minutes. The solution of ((-)-l,2- 
bis((2if 5 5i?)-2,5-dimethylphospholano)benzene) in degassed tetrahydrofuran was added 
continuously over -22 minutes using a membrane dosing pump, whilst maintaining gentle 

5 reflux, and the pump lines rinsed with 3 x 20 ml or degassed tetrahydrofuran. Addition of 
the ((-)-l,2-bis((2i?,5jR)-2,5-dimethylphospholano)benzene) solution caused almost instant 
precipitation of deep red crystalline product. After addition of the ((-)-l,2-bis((2i?,5£)-2,5- 
dimethylphospholano)benzene) solution was complete the vessel contents were stirred at 
reflux for ~ 26 mins before programming the vessel circulator to cool to —25 °C over six 

10 hours in a linear fashion. The vessel contents were transferred to the filter assembly under 
N 2 via the bottom outlet valve under a N 2 pressure. The reactor and the filter assembly were 
rinsed twice via the vessel with 2 x 1.25 kg of degassed propan-2-ol and the residual solvent 
removed under vacuum. The filter cake was finally rinsed with 3 x 0.384 kg of a degassed 
3:2 tetrahydrofuran/f-butyl methyl ether solution and vacuum dried to constant weight. The 

15 reaction yielded 1.102 kg, 94.3% of ((-)-l,2-bis((ZR,5i?)-2,5- 
dimethylphospholano)benzene)(l ,5-cyclooctadiene)rhodium(I) tetrafluoroborate. 

31 P NMR (162 MHz, CDC1 3 ) 877.1 ppm, doublet, J m . P 148.6 Hz 

20 Example 2: Synthesis of ((■VL2-Bis-fai?.5igV2,5-dieth vlDhosr)holano)benzeneyi,5- 
cvclooctadiene^rhodiumm tetrafluoroborate: rrtigJgVEtDuPHOS^ Rh (CODTirBF^ 

A schlenk flask under nitrogen was charged with 1.5988 g (5.154 mmol) of (1,5- 
cyclooctadiene)(acetylacetonato)rhodium (I), 1.239 g dry, degassed tetrahydrofuran and 

25 6.147 g of degassed /-butyl methyl ether and heated to 55 °C under stirring until all the 
material dissolved. A solution of 1.001 g (6.1848 mmol) of tetrafluoroboric acid 
diethyletherate in 1.918 g of degassed propan-2-ol was added dropwise via syringe over 10 
mins to give a homogeneous yellow/brown solution. The resulting solution was stirred for a 
further 20 mins. A solution of 1.8687 g (5.154 mmol) (-)-l,2-bis((2i?,5#)-2,5- 

30 diethylphospholano)benzene in 7.400 g of degassed /-butyl methyl ether was added 
dropwise over 10 minutes to give a red crystalline precipitate. The reaction was stirred for a 
further 20 minutes before cooling to -20 °C. The reaction solvent was removed via syringe 
and the material washed with 2 x 1.48 g degassed /-butyl methyl ether and dried under 
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vacuum to give 3.211 g, 97 % yield of ((-)-l>bis((2*,5i0-2,5- 
diethylphospholano)benzene)(l 5 5-cyclooctadiene)rhodium(I) tetrafluoroborate. 



31 PNMR(162MHz,CDCl 3 ) 870.4 ppm, doublet W 148.7 Hz 

5 

Example 3: synthesis of (f+VL2-Bis-((2&5ifl-2.5-dim^ 
cvclooctadiene^rhodiumfD tetrafluoroborate: lYfjgJgVMeBPE^ Rh (CODYirBF/l 

A schlenk flask under nitrogen was charged with 6.00 g (19.356 mmol) of (1,5- 
10 cyclooctadiene)(acetylacetonato)rhodium (I), 4.656 g dry, degassed tetrahydrofuran and 
23.082 g of degassed f-butyl methyl ether and heated to 55 °C under stirring until all the 
material dissolved. A solution of 3.76 g (23.22 mmol) of tetrafluoroboric acid 
diethyletherate in 7.20 g of degassed propan-2-ol was added dropwise via syringe over 10 
mins to give a homogeneous yellow/brown solution. The resulting solution was stirred for a 
15 further 20 mins. A solution of 5 g (19.356 mmol) of l,2-bis-((2ii,5i2)-2,5- 
dimethylphospholano)ethane in 22.2 g of degassed f-butyl methyl ether was added dropwise 
over 20 minutes to give an orange/red crystalline precipitate. The reaction was stirred for a 
further 20 minutes before cooling to -20 °C. The reaction was filtered under nitrogen and 
dried under vacuum to give 10.19 g, 96.4 % yield of (l,2-bis-((2i?,5i?)-2,5- 
20 dimethylphospholano)ethane)(l ,5-cyclooctadiene)rhodium(T) tetrafluoroborate. 

31 P NMR (162 MHz, CDC1 3 ) $77.49 ppm, doublet W 144.7 Hz 

Example 4: synthesis of (1.2-Bis-r(2»S , >5iS^-2.5-diphenvlphospholano > )ethane¥L5- 
25 cvclooctadiene^rhodiumO) tetrafluoroborate: lYfigJgVPhBPE^ Rh (CODVirBF4l 

A schlenk flask under nitrogen was charged with 340 mg (1.096 mmol) of (1,5- 
cyclooctadiene)(acetylacetonato)rhodium (I), 445 mg dry, degassed tetrahydrofuran and 
2.59 g of degassed J-butyl methyl ether and heated to 55 °C under stirring until all the 
30 material dissolved. A solution of 214 mg (1.322 mmol) of tetrafluoroboric acid 
diethyletherate in 392 mg of degassed propan-2-ol was added dropwise via syringe over 10 
mins to give a homogeneous yellow/brown solution. The resulting solution was stirred for a 
further 30 mins. A solution of 556 mg (1.0975 mmol) of l,2-bis-((2,S,5iS)-2,5- 
diphenylphospholano)ethane in 4.445 g of degassed tetrahydrofuran was added dropwise 
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over 10 minutes to give an orange crystalline precipitate. The reaction was stirred for a 
further 30 minutes before cooling to room temperature. The reaction was filtered under 
nitrogen and the material washed with 3.925 g degassed propan-2-ol, 8.89g degassed 
tetrahydrofuran and dried under vacuum to give 860 mg, 97.5 % yield of (l,2-bis-((2£,5S)- 
5 2,5-diphenylphospholano)ethane)(l ,5-cyclooctadiene)rhodium(I) tetrafluoroborate. 

31 P NMR (162 MHz, CDC1 3 ) 579.64 ppm, doublet JW 153.9 Hz 

Example 5 : synthesis of ( 1 J -Bis-f (2ig,5igV2,5"diisopropvlphospholano > )ferroceney L5- 
10 cvclooctadieneVhodiumfD tetrafluoroborate: \((R.K)-i-T?r-5-Fc) Rh (CODyirBFdl 

A schlenk flask under nitrogen was charged with 200 mg (0.6448 mmol) of (1,5- 
cyclooctadiene)(acetylacetonato)rhodium (I), 155 mg dry, degassed tetrahydrofuran and 769 
mg of degassed f-butyl methyl ether and heated to 55 °C under stirring until all the material 

15 dissolved. A solution of 125 mg (0.7719 mmol) of tetrafluoroboric acid diethyletherate in 
240 mg of degassed propan-2-ol was added dropwise via syringe over 10 mins to give a 
homogeneous yellow/brown solution. The resulting solution was stirred for a further 20 
mins. A solution of 338.2 mg (0.6448 mmol) of l,l'-bis((2i?,5i?)-2,5- 
diisopropylphospholano)ferrocene in 1.48 g of degassed J-butyl methyl ether was added 

20 dropwise over 10 minutes to give an orange crystalline precipitate. The reaction was stirred 
for a further 10 minutes before cooling to -20 °C. The reaction solvent was removed via 
syringe and the material washed with 2 x 1.48 g degassed f-butyl methyl ether and dried 
under vacuum to give 507 mg, 96.9 % yield of (l,r-bis((2i?,5i?)-2 5 5- 
diisopropylphospholano)ferrocene)(l ,5-cyclooctadiene)rhodium(I) tetrafluoroborate. 

25 

31 P NMR (162 MHz, CDC1 3 ) 830.3 ppm, doublet Juu> 141.2 Hz 

Example 6: synthesis of (f+Vl J , -Bis-fr2i;.4i?V2,4-diethvlphosphetano')ferrocene¥1.5-- 
cvclooctadiene^hodiumfD tetrafluoroborate: r(figJg>EtFerroTANF) Rh (CODVirBRil 

30 

A schlenk flask under nitrogen was charged with 3.522 g (11.355 mmol) of (1,5- 
cyclooctadiene)(acetylacetonato)rhodium (I), 2.729 g dry, degassed tetrahydrofuran and 
13.541 g of degassed f-butyl methyl ether and heated to 55 °C under stirring until all the 
material dissolved. A solution of 2.206 g (13.626 mmol) of tetrafluoroboric acid 
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diethyletherate in 4.225 g of degassed propan-2-ol was added dropwise via syringe over 10 
mins to give a homogeneous yellow/brown solution. The resulting solution was stirred for a 
further 20 mins. A solution of 5 g (11.355 mmol) of (+)-l 5 r-bis-((2J? 5 4i?)-2 5 4- 
diethylphosphetano)ferrocene in 14.80 g of degassed f-butyl methyl ether was added 
5 dropwise over 10 minutes to give an orange crystalline precipitate. The reaction was stirred 
for a further 20 minutes before cooling to -20 °C. The reaction was filtered under nitrogen 
and dried tinder vacuum to give 7.55 g, 91 % yield of ((+)-l,r-bis-((2i? 5 4i2)-2,4- 
diethylphosphetano)ferrocene)(l ,5-cyclooctadiene)rhodium(I) tetrafluoroborate. 

10 31 P NMR (162 MHz, CDC1 3 ) $51.74 ppm, doublet W 146.4 Hz 

Example 7: synthesis of (ri?V(+V2.2 t -Bis-(diphenvlphosphinoVl J^binaphthvlVLS- 
cvclooctadieneVhodiumffl tetrafluoroborate: KYflVBINAP) Rh (CODVirBFAl 

15 A schlenk flask under nitrogen was charged with 100 mg (0.322 mmol) of (1,5- 
cyclooctadiene)(acetylacetonato)rhodium (I), 68.5 mg dry, degassed tetrahydrofuran and 
384.7 mg of degassed f-butyl methyl ether and heated to 55 °C under stirring until all the 
material dissolved. A solution of 62.6 mg (0.387 mmol) of tetrafluoroboric acid 
diethyletherate in 120 mg of degassed propan-2-ol was added dropwise via syringe over 10 

20 mins to give a homogeneous yellow/brown solution. The resulting solution was stirred for a 
further 20 mins. A solution of 200.6 mg (0.322 mmol) (i?)<+)-2 5 2 f -bis(diphenylphosphino)- 
l,r-binaphthyl in 0.889 g of degassed tetrahydrofuran and 2.2 g of degassed f-butyl methyl 
ether was added dropwise over 10 minutes to give an orange/red crystalline precipitate. The 
reaction was stirred for a further 20 minutes before cooling to -20 °C. The reaction solvent 

25 was removed via syringe and the material washed with 2 x 1 .48 g degassed /-butyl methyl 
ether and dried under vacuum to give 292 mg, 99 % yield of ((i?)-(+)-2,2- 
bis(diphenylphosphino)- 1 , 1 f -binaphthyl)(l ? 5-cyclooctadiene)rhodium(I) tetrafluoroborate. 

31 P NMR (162 MHz, CDC1 3 ) £26.6 ppm, doublet J m . P 146.8 Hz 

30 
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Example 8: synthesis of ((igV^V4J2-Bis-(diphenvlphosphinoVr2.21-Daracvclophaneyi.5- 
cvclooctadieneVhodiumm tetrafluoroborate: rffifl-PhanePhos^ Rh (CODYIfBEi] 



A schlenk flask under nitrogen was charged with 50 mg (0.1612 mmol) of (1,5- 
5 cyclooctadiene)(acetylacetonato)rhodium (I), 34.25 mg dry, degassed tetrahydrofuran and 
192.4 mg of degassed f-butyl methyl ether and heated to 55 °C under stirring until all the 
material dissolved. A solution of 31.3 mg (0.1934 mmol) of tetrafluoroboric acid 
diethyletherate in 60 mg of degassed propan-2-ol was added dropwise via syringe over 10 
mins to give a homogeneous yellow/brown solution. The resulting solution was stirred for a 
10 further 25 mins. A solution of 92.95 mg (0.1612 mmol) (i?)-(-H,12- 
bis(diphenylphosphino)-[2.2]-paracyclophane in 1.78 g of degassed tetrahydrofuran and 2.2 
g of degassed f-butyl methyl ether was added dropwise over 10 minutes to give an 
orange/red crystalline precipitate. The reaction was stirred for a further 20 minutes before 
cooling to -20 °C. The reaction solvent was removed via syringe and the material washed 
15 with 2 x 1 .48 g degassed f-butyl methyl ether and dried under vacuum to give 1 34 mg, 95 % 
yield of ((i?)-(-)-4,12-bis(diphenylphosphino)-[2.2]-paracyclophane)(l,5- 

cyclooctadiene)rhodium(I) tetrafluoroborate. 

31 P NMR (162 MHz, CDC1 3 ) 533.3 ppm, doublet 147 Hz 

20 

Example 9 : synthesis of (Bis-f ( R)-( -V ( 3,5-Dioxa-4-phospha-cvcloheptar2. 1 -a:3 .4- 
a' ldinaphthalen^-vDdimethvlamine^V 1 ,5-cvclooctadieneVhodiumf D tetrafluoroborate: 
[ffflVMonophos^ Rh (CODWBET1 

25 A schlenk flask under nitrogen was charged with 100 mg (0.322 mmol) of (1,5- 
cyclooctadiene)(acetylacetonato)rhodium (I), 68.5 mg dry, degassed tetrahydrofuran and 
384.7 mg of degassed f-butyl methyl ether and heated to 55 °C under stirring until all the 
material dissolved. A solution of 62.6 mg (0.387 mmol) of tetrafluoroboric acid 
diethyletherate in 120 mg of degassed propan-2-ol was added dropwise via syringe over 10 

30 mins to give a homogeneous yellow/brown solution. The resulting solution was stirred for a 
further 20 mins. A solution of 231.6 mg (0.644 mmol) (i?)-(-)-(3,5-dioxa-4-phospha- 
cyclohepta[2,l-a;3,4-a , ]dinaphthalen-4-yl)dimethylamine in 1.33 g of degassed 
tetrahydrofuran and 2.2 g of degassed f-butyl methyl ether was added dropwise over 10 
minutes to give an orange/yellow crystalline precipitate. The reaction was stirred for a 
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further 20 minutes before cooling to -20 °C. The reaction solvent was removed via syringe 
and the material washed with 2 x 1.48 g degassed J-butyl methyl ether and dried under 
vacuum to give 281 mg, 87 % yield of Ois-((£)-(-M3,5-dioxa 
a;3,4-a']dinaphthalen-4-yl)dm 
5 tetrafluoroborate. 

31 P NMR (162 MHz, CDC1 3 ) 8138 ppm, broad doublet of multiplets 

Example 10: synthesis of ff^-2.2\6.6'-Tetramethox^ 
10 bipyridineXLS-cvclooctadiene^rhodiumfD tetrafluoroborate: rfCTH-rKVXvlvl-P-Phos) Rh 
£COD)]JSFa 

A Schlenk flask under nitrogen was charged with 42 mg (0.135 mmol) of (1,5- 
cyclooctadiene)(acetylacetonato)rhodium (I), 100 fxl dry, degassed tetrahydrofuran and 200 

15 jliI of degassed /-butyl methyl ether and heated to 55 °C under stirring until all the material 
dissolved. A solution of 18 \il (0.132 mmol) of tetrafluoroboric acid diethyletherate in 100 
|jl of degassed propan-2-ol was added dropwise via syringe over 10 mins to give a 
homogeneous yellow/brown solution. The resulting solution was stirred for a further 25 
mins. A solution of 102 mg (0.135 mmol) ((i?)-2,2 , ,6,6 , -Tetramethoxy-4,4 , -bis(di(3,5- 

20 xylyl)phosphino)-3,3'-bipyridine) in 0.5 ml of degassed tetrahydrofuran and 2 ml of 
degassed f-butyl methyl ether was added dropwise over 30 minutes to give an orange/red 
crystalline precipitate. The reaction was stirred for a further 20 minutes before cooling to 
room temperature. A further 8 ml of degassed f-butyl methyl ether was added dropwise The 
mixture was cooled to -20 °C, the reaction solvent was removed via syringe and the material 

25 was dried under vacuum to give 66 mg, 46 % yield of ((i?)-2,2',6,6 f -Tetramethoxy-4,4 ! - 
bis(di(3,5-xylyl)phospWno)-3,3'-bip 
tetrafluoroborate. 

31 P NMR (162 MHz, CDC1 3 ) 5 24.7 ppm, doublet J m . P 143 Hz 

30 
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Example 1 1 : synthesis of (Q£JL&2jL2ia^ 

cvclooctadieneVhodiumfD tetrafluoroborate: \((S£.RA)-TanoPhos) Rh (CODVirBF^ 



A Schlenk flask under nitrogen was charged with 121 mg (0395 mmol) of (1,5- 
5 cyclooctadiene)(acetylacetonato)rhodium (I), 300 |nl dry, degassed tetrahydrofuran and 600 
|il of degassed J-butyl methyl ether and heated to 55 °C under stirring until all the material 
dissolved. A solution of 54 jllI (0.397 mmol) of tetrafluoroboric acid diethyletherate in 100 
jxl of degassed propan-2-ol was added dropwise via syringe over 10 mins to give a 
homogeneous yellow/brown solution. The resulting solution was stirred for a further 25 
10 mins. A solution of 113 mg (0.135 mmol) (15 r ,lS , ^R,2^ l -l,l , -Di-t-butyl- 
[2,2']diphospholane in 1 ml of degassed tetrahydrofuran and 2 ml of degassed r-butyl 
methyl ether was added dropwise over 1 h to give an orange/red crystalline precipitate. The 
reaction was stirred for a further 20 minutes before cooling to room temperature then 
cooling in an ice water bath. The product was collected in a Schlenk filter and washed with 
15 a further 2 x 2 ml of degassed f-butyl methyl ether. The material was dried under vacuum to 
give 166 mg, 72 % yield of ((lS,ltf,2i?,2;j>l>^ 
cyclooctadiene)rhodium(I) tetrafluoroborate. 

31 P NMR (162 MHz, CDC1 3 ) 8 97.7 ppm, doublet J^p 143 Hz 

20 

Example 12: synthesis of ((l^-Bisra^S^^.S-dimethvl-n^^-S^- 
dihvdroxvphosphalano1benzeneUL5'CVclooctadiene)rhodiximfD tetrafluoroborate, with in- 
situ deprotection of the ligand precursor. 

25 A Schlenk flask under nitrogen was charged with 70 mg (0.226 mmol) of (1,5- 
cyclooctadiene)(acetylacetonato)rhodium (I), 200 pi dry, degassed tetrahydrofuran and 400 
jlxI of degassed f-butyl methyl ether and heated to 55 °C under stirring until all the material 
dissolved. A solution of 25 \il (0.13 mmol) of tetrafluoroboric acid diethyletherate in 100 jxl 
of degassed propan-2-ol was added dropwise via syringe over 10 mins to give a 

30 homogeneous yellow/brown solution. The resulting solution was stirred for a further 30 
mins. A solution of 101 mg (0.224 mmol) (^yS^-MeKetalPhos in 0.5 ml of degassed 
tetrahydrofuran and 2 ml of degassed /-butyl methyl ether was added dropwise over 1 h to 
give an orange/red crystalline precipitate. A further 2 ml of f-butyl methyl ether was added 
dropwise. The reaction was stirred for a further 60 minutes before cooling to room 
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temperature then cooling in an ice water bath. The supernatant liquid was removed and the 
residue was dried under vacuum to give the product as a red powder 55 mg, 63 % yield of 
{(l,2-Bis[(2S,5.S>2,5-dimetoyl-^^ 
cyclooctadiene)rhodium(T) tetrafluoroborate. 

31 P NMR (162 MHz, di-MeOH) £ 77.6 ppm, doublet 3rh-p 152 Hz 
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